ABSTRACT This paper investigates the effect of total ionizing dose radiation on back-gate interface traps in SOI NMOSFETs. The concentration and energy distribution of interface traps at Si/SiO 2 back-gate interface of SOI NMOSFETs during irradiation are studied by the direct-current current-voltage technique. When transistors are subjected to radiation, DCIV bulk current increases. The calculated results suggest that the interface trap density increases and its equivalent energy level is far away from the midgap with irradiation dose increasing, which can be explained by the energy distribution of interface traps. The interface trap energy density D IT (E IT ) as a function of the energy level E IT has been obtained by the least square optimization and shows the typical ''U-shape'' distribution. In detail, the rising humps at equivalent energy level in D IT (E IT ) curves are due to Si-H bonds that are broken down after irradiation, which corresponds to the increasing trap density. Moreover, it is found that the energy level of interface traps is redistributed after irradiation. The peak of humps in D IT (E IT ) curves occurs at the farther energy level with the increase of dose, which is similar to the equivalent energy level. It might arise from the shallow energy level of interface traps induced by radiation.
I. INTRODUCTION
Silicon on insulator (SOI) technology is a promising candidate for aerospace applications compared to the bulk technology due to the excellent single event effect (SEE) tolerance. However, the total ionizing dose (TID) effect in SOI MOSFETs is not so good as a result of the existence of buried oxide (BOX) [1] , [2] . The TID irradiation is believed to result in the oxide charge trapping on defect sites and the generation of new interface traps at the oxide-silicon system [3] , [4] . Interface traps are always degrading the performance of devices, aggravating the power dissipation of circuits and limiting the application range of SOI technology [5] , [6] .
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Total ionizing dose (TID) effect is an essential concern for integrated devices that are operating in space environment. Moreover, the mechanism of the performance degradation caused by interface traps is complicated due to their flexible energy levels [7] - [9] . Therefore, it is necessary to study the effect of radiation on interface traps.
Several techniques have been proposed for the determination of the interface trap density such as capacitance-voltage (C-V), conductance-voltage (G-V) and charge pumping (CP) [10] , [11] . Unfortunately, the large thickness of BOX in SOI transistors renders some alternating current (AC) methods such as C-V method and CP method insensitive and ineffective [12] , [13] . The capacitance-voltage (CV) method has difficulty in measuring accurately interface trap density in deep submicron transistors. The characterization of back interface properties in SOI transistors remains a challenge [13] , [14] . The direct-current current-voltage (DCIV) technique proposed by Sah and Jie in 1995 [15] has been employed for the measurement of back-channel interface traps in SOI devices [16] , [17] . The superiority of DCIV technique over conventional methods is that the method has access to the energy distribution of interface trap density nearby midgap besides interface trap density and its equivalent energy level [18] , [19] . Therefore, the direct-current current-voltage (DCIV) technique has been often used for the characterization of interface traps in many issues related to reliability [20] - [22] . In DCIV measurements, enough electrons and holes are guaranteed by surface potential near the Si/SiO 2 interface. The recombination of electrons and holes at interface traps is responsible for DCIV current. The interface trap density is detected by measuring the bulk current related to the interface traps as recombination centers of electron and hole [15] , [23] , [24] . Several works [20] , [22] have reported that an increase in the peak value of DCIV current is indicative of interface-states formation. Details of the DCIV theory will be presented in the next section.
Several works [22] , [25] - [27] have reported that the buildup of radiation-induced interface traps. E. X. Zhang et al [26] have estimated radiation-induced interface trap density (N it ) from the charge pumping data but the energy level distribution of interface traps in his work is not involved. S. Bonaldo et al. [27] have inspected the spatial distribution of interface traps in irradiated pMOSFETs and found a high density of interface traps in the lateral source/drain extension regions by static DC and charge pumping measurements. R. K. Lawrence et al. [22] have calculated quantificationally the interfaced trap density (N it ) at different dose by DCIV method regardless of the energy distribution of interface traps. Several works have reported the energy distribution of interface traps under bias temperature instability (BTI) stress by conductance method [20] and under hot carrier damage by DCIV technique [7] , [18] . In this work, the DCIV technique is applied to SOI NMOSFETs for the study of back interface trap density and its energy distribution under total ionizing dose (TID) radiation comprehensively.
II. EXPERIMENTAL DETAILS
The transistors under test were fabricated in 0.18µm SOI technology with a gate oxide layer thickness of 3 nm and a top silicon film thickness of250 nm. The buried oxide layer thickness of devices is 350 nm. The channel width and length of devices are W = 100 µm and L = 10 µm respectively. External body contact (H-shape) was applied to our devices with the source and drain implantations touching the BOX. Fig.1 shows the structural layout of transistors schematically.
Transistors were irradiated with a 60 Co gamma-ray at a dose rate of 50 rad(Si)/s at room temperature. The bias configuration was set at ON state bias with the gate fixed at 2 V and other terminals grounded during irradiation. After irradiation of 100, 300, 500 and 1000 krad(Si), the bulk current (I B ) as the function of back-gate voltage (V BG ) was monitored and the interface traps at Si-film/BOX interface were characterized by the DCIV technology. The measurements were performed using a Keithley 4200 semiconductor parameter analyzer.
III. DCIV THEORY AND MEASUREMENT CONFIGURATION
We briefly review the principle and measurement of the DCIV method, which has been described in previous works [15] , [23] , [24] . The DCIV measurement configuration of back-gate interface traps is shown in Fig. 1 . The bulk electrode is tied to ground throughout the testing process. The body-to-source and body-to-drain diodes are forward-biased by a small voltage to inject enough electrons into the body region. The front gate is biased at 2 V that is enough to keep the front gate inversion, thus making sure that body/source and body/drain junctions ''extend'' under the entire front gate, forming the same and uniform inversion layer. During DCIV measurements, the back-gate voltage was changed from −100 V to 80 V. The bulk current is mainly attributed to the recombination of minority electrons from the n+ source and n+ drain and majority holes in the p-type body when the back gate is swept from accumulation to inversion.
The DCIV method is based on the properties of the interface traps as recombination centers of electrons and holes [15] , [24] . And the recombination rate at the interface traps depends strongly on the surface potential controlled by back-gate voltage. The recombination current will reach maximum when the back channel is depleted totally and the electrons and holes nearby back interface are enough and approximately equal. Almost all of interface traps can communicate with the underlying Si rapidly due to enough electrons and holes nearby back interface. According to Shockley-Read-Hall (SRH) recombination theory, if we assume the distribution of interface traps along the channel is uniform, then the recombination current via interface traps B-peak can be derived as follows [18] : where
And
where V PN is body/source and body/drain PN junction voltage during DCIV measurements, n i is intrinsic carrier concentration, A is back channel area, c n and c p are electron capture coefficient and hole capture coefficient respectively, k is boltzmann constant, T is the temperature of test environment, α n is approximate value associated with experimental data. The significance of N EFF is that, if there are N EFF interface traps with the midband energy, they can generate the VOLUME 7, 2019 recombination current that is equivalent to the recombination current from all interface traps. Here, we assume the capture rate c n = c p [28] , [29] , the traps would have the same ability to capture electrons as holes. In order to simplify the calculation, the first four even terms α 0 , α 2 , α 4 and α 6 in α n are retained and other items in α n are omitted, which is accurate enough for our fitting program. And, the effective interface trap density N EFF is simplified as:
Thus, the interface trap energy density D IT (E IT ) is a symmetrical function, simplified as [18] , [28] :
In addition, if the energy level distribution of interface traps is not concerned, another simplification can be proposed. Namely, all interface traps would be equivalently fixed at the same and single energy level E it . Meanwhile, all interface traps equivalently fixed at E it also equivalently have an effective density of N it . The symbols N it and E it are the equivalent density and energy level of interface traps in the range of band-gap under the assumption. The equivalent energy level of interface traps E it refers to the most concentrated energy level in the range of bandgap and it reflects the equivalent energy-level center of all interface traps. If interface traps in the whole bandgap of Si are equivalent to the single energy level E it , there will be an effective interface trap density of N it . Thus, the recombination current via interface traps B-peak can be given [19] , [30] , [31] :
Then, the parameters can be extracted from the bulk current (I B ) versus the back-gate voltage (V BG ) characteristics such as interface trap density (N it ), equivalent energy level (E it ) and interface trap energy density (D IT (E IT )) [18] , [31] . Fig. 2 shows the bulk current (I B ) as the function of the back-gate voltage (V BG ) before and after irradiation under the ON bias condition in SOI NMOSFET. The samples are irradiated to different dose of 100 krad(Si), 300 krad(Si), 500 krad(Si) and 1000 krad(Si). During DCIV measurements, the voltage of N + active area and P-type body are biased at −450∼ − 500 mV and 0 V respectively. The body-tosource PN junction and body-to-drain PN junction are biased at positive voltage (V PN ) in order to inject enough electrons. Meanwhile, the bulk current versus back-gate voltage is monitored to obtain the radiation characteristics of interface traps at the Si-layer/BOX interface. Fig. 2(a) -(e) depict the bulk current dependence on the back-gate voltage with different PN junction voltage (V PN ) in virgin devices and irradiated devices at dose of 100 krad(Si), 300 krad(Si), 500 krad(Si) and 1000 krad(Si), respectively. As illustrated in Fig. 2(a) -(e), the lineshapes of I B − V BG curves in irradiated samples at different dose are similar to that of the fresh devices, and I B − V BG curves are observed to be a function of PN junction voltage (V PN ). A significant growth of DCIV peak current (I B-peak ) occurs when the PN junction voltage of body/source and body/drain junctions increases. It should be noted that the back-gate voltage at peak current (V BG-peak ) shifts slightly to the low back-gate voltage as the voltage of PN junction increases. The results are consistent with the simulation results in the previous work [32] .
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The increase of DCIV peak current I B-peak as PN junction voltage (V PN ) is due to more minority electrons injected in the surface of back channel when the PN junction voltage of body-to-source PN junction and body-to-drain PN junction increases. This reveals that the voltage drops across the body-to-drain and body-to-source PN junctions could enhance the concentration of electrons injected into the body, which impacts the trapping efficiency of interface traps to electrons and holes at the interface of Si-film/buried oxide. Furthermore, the back-gate voltage at peak current, V BG-peak , that is denoted as the peak voltage, shifts to the lower V BG as V PN increasing. It is considered that the back-gate voltage V BG-peak for depleting back channel region decreases because more electrons are injected into back channel and the holes accumulated at the surface of back channel decrease.
As Fig.2(a) -(e) shown, it should be noted that DCIV curves grow in magnitude and shift to lower back-gate voltage with radiation dose, which is summarized in Fig. 2(f) . This is also observed for pass-gate irradiation bias condition in R. K. Lawrence's work [22] . The difference in shift of voltage is mainly caused by the different Si/SiO 2 interfaces studied in DCIV experiments. The peak values of bulk current at varying irradiation dose are similar to R. K. Lawrence's measurement, suggesting the interface trap density has similar order of magnitude. Fig. 2(f) depicts the bulk current dependence on the back-gate voltage curves at different radiation dose with body/source and body/drain junctions fixed at forward-biased 0.52 V. As illustrated in Fig. 2(f) , the DCIV peak current I B-peak increases with radiation dose increasing. Specifically, the magnitude of bulk current at the irradiation dose up to 1 Mrad(Si) increases six times than that of pre-irradiation. On the other hand, the peak voltage V BG-peak shows a significant shift to the lower back-gate voltage as radiation dose increases up to 500 krad(Si). The peak voltage V BG-peak at the dose of 1 Mrad(Si) presents a saturable trend.
The increase of DCIV peak current with dose is related to increasing interface traps induced by TID radiation damage. When the samples are exposed to TID radiation, the holes are generated in large numbers. The protons formed in the process of holes transporting towards the Si/SiO 2 interface could react with ≡ Si − H bonds, thus the Si dangling bond Si• released and the interface traps forming. In addition, the shift of DCIV curves is due to oxide traps induced by radiation. During TID radiation, the oxygen vacancy defects in oxide can capture the holes from radiation and the strained Si-Si bonds can break down, thus forming positive oxide trap charge. This will contribute to depleting back channel regions and declining the value of the peak voltage V BG-peak . When the formation of oxide trap charge reaches to saturation, the peak voltage V BG-peak is nearly constant, which might appear at the radiation dose near 1000 krad(Si).
In order to extract and evaluate accurately interface trap density, the component I BL , the contributions to I B-peak from the bulk-traps in back gate-controlled surface-space-charge layers cannot be neglected [33] . Namely, the recombination current I B-peak , from interface traps at back channel, will remain when we subtract the baseline current I BL from the DCIV peak current I B-peak . Several groups of test data about the recombination current from back-channel interface traps I B-peak and corresponding PN junction voltage V PN at different radiation dose have been obtained. As illustrated in Eq(6) that I B-peak is the function of V PN , and the interface trap density N it and its equivalent energy level E it are important parameters of Eq(3). Therefore, the interface trap density N it and equivalent energy level E it can be extracted via fitting the experimental data with the theoretical formula Eq(6). The value of standard error in fitting program is small enough and the adjust R-square is extremely close to 1, showing the high accuracy of our fitting. Fig. 3 shows the extracted interface trap density N it and equivalent energy level E it as a function of radiation dose. It is observed that interface trap density (N it ) raises linearly with dose. The result is a little different from Lawrence's report that the N it obeys the 2/3 growth power law [22] , which may be resulted from the difference of fabrication process and device structure. As shown in fig. 3 , the equivalent energy level (E it ) also presents an increasing trend along with the increase of radiation dose. In detail, interface trap density N it increases from 1.28 × 10 10 cm −2 to 7.86 × 10 10 cm −2 and its equivalent energy level (E it ) is farther away from the midgap from 0.209 eV to 0.239 eV when virgin devices are irradiated up to 1000 krad(Si). It is illustrated that the interface trap density N it raises obviously along with radiation dose at an approximate rate of 6.58 × 10 9 cm −2 per 100 krad(Si). The value of interface trap density in our study is slightly smaller than that of Bonaldo's work [27] , and higher than the value of N. Stojadinović's research [34] . This may be caused by the different tested method and manufacturing process.
The increase of interface trap density is due to more Si dangling bonds ≡ Si• released from ≡ Si−H bonds when the devices are subjected to increasing radiation dose [35] - [37] . Radiation can generate electron-hole pairs in the oxide. Once holes are separated from electrons, they rapidly become trapped in shallow traps and migrate via polaron hopping, moving from one trap to the next. While holes are migrating through the oxide, they can interact with defect sites containing hydrogen, releasing the hydrogen as protons H + . And then protons are transported to the interface where they can depassivate ≡ Si − H bonds. The reactions of protons H + and ≡ Si − H bonds can assist ≡ Si − H to break down, making dangling bonds ≡ Si• liberated and creating interface traps.
In addition, the increase of equivalent energy level E it with dose might arise from the variation of energy distribution of new interface traps generated from ionizing radiation. It is inferred that the radiation-induced interface traps could be located at the energy levels farther from midgap than the intrinsic interface traps introduced by manufacturing process. We will discuss the energy distribution of interface traps in the following part.
It is well known that Si/SiO 2 interface trap density presents a U-shaped distribution [38] , [39] . The extraction of D IT (E IT ) can be implemented as follows: firstly, the effective interface trap density N EFF can be calculated from Eq(1) using the experimental I B-peak and V PN data. As illustrated in Eq(4), the effective interface trap density N EFF is the function of V PN , and α 0 , α 2 , α 4 and α 6 as important parameters in Eq(4). Then, we fitted the calculated N EFF with functional formula Eq(4) by least squares algorithm, producing the parameters α 0 , α 2 , α 4 and α 6 . At last, the energy distribution of interface trap energy density D IT (E IT )as the function of the energy level E IT can be obtained according to Eq(5). Fig. 4 (a) exhibits the energy distribution of interface trap density across whole bandgap at different irradiation dose. As depicted in Fig. 4(a) , the lineshape and symmetry of the energy distribution curves at different radiation dose are nearly consistent. These curves still present the ''U-shape'' distribution across bandgap with a low value near midgap and sharp increases toward either band edge. With the irradiation dose rising, the interface trap energy level density D IT (E IT ) increases in different degree at different energy level E IT , which are also observed in hot carrier damage [7] , [18] . And the details of inconsistent changes would be described in the next paragraph by scaling energy level range. range from −0.4 eV to 0.4 eV. It is illustrated in Fig. 4(b) that two significant and symmetrical humps at ±0.20eV ∼ ±0.24eV trap energy level and a small hump at the midgap. This is different from the energy distribution of interface traps under BTI stress by conductance techniques [20] , where no humps occur. Under hot carrier damage, the humps in D IT (E IT ) curves by DCIV method are observed at the midgap [7] , [18] . In addition, these humps as depicted in Fig. 4(b) show apparent increases in amplitude along with irradiation dose. That is to say, when devices are subjected to higher dose exposure, the interface trap density near midgap increases slightly, while the interface trap density at ±0.20eV ∼ ±0.24eV trap energy level increases significantly. The two significant humps can be observed to center on the equivalent energy level E it extracted in Fig. 3 , indicating that most of newborn interface traps are located at the equivalent energy level E it . It should also be noted in Fig. 4(b) that with the increasing of radiation dose, the trap energy level where interface trap energy density reaches the maximum is farther from the midgap, which is consistent with the change of interface trap concentration N it and its equivalent energy level E it with radiation dose in Fig 3. In detail, the approximate values about local maximum of interface trap density and the energy level of humps in Fig. 4 are in accordance with the data in Fig. 3 .
The increasing of interface trap energy density (D IT (E IT )) at trap energy level (E IT ) after radiation is attributed to more irradiation-induced holes assisting interface traps to build up as mentioned above. After radiation, the formation of interface traps in the energy range of bandgap is not uniform. It is inferred that interface traps from irradiation mainly occupy the energy levels far from the midgap while there are a few new-born interface traps nearby midgap. The energy levels of new interface traps could become shallow slightly with the increase of radiation dose, which will reduce the leakage current component from interface traps to some extent. This is an interesting behavior and the energy redistribution of interface traps might have an effect on the reliability of post-radiation devices, which will be investigated and analyzed further in the future.
V. CONCLUSION
The radiation characteristics of interface traps at Si/SiO 2 back-gate interface of SOI NMOSFETs are studied by DCIV approach. The DCIV experimental results demonstrated that the peak of DCIV current (I B-peak ) increases with the dose increasing, indicating that the interface trap density has a significant growth. Besides, we also extracted some quantitative data from the DCIV curves. When fresh devices suffer from 1000 krad(Si), the interface trap density (N it ) increases from 1.28 × 10 10 cm −2 to 7.86 × 10 10 cm −2 and its equivalent energy level (E it ) is farther away from the midgap, from 0.210eV to 0.239eV. The ''U-shape'' energy distribution of interface trap density exhibited two significant humps at the energy level of E it . The humps at the energy level of E it are more obvious and shift to the energy level farther from the midgap with the dose increasing, which explains the increase of N it and E it . It can be deduced that more holes from radiation are able to assist the build-up of interface trap. The new interface traps generated from irradiation tend to center on the energy levels that are farther away from the midgap. 
